Introduction
Electronic devices that contain heat-sensitive components require a low temperature packaging. Liquid Crystal Display (LCD) and image sensors, for example, should be processed at low temperature since the polymer materials may be degraded at high temperature. 1) A low temperature bonding technique was developed using a chromium-tin-indium-gold multilayer composite, 2) which is fluxless with a relatively low bonding temperature of 140 C. This technique has been applied to the Bi-Sn and In-Ag systems.
3) While effective, the above technique requires the complex multi metal layer deposition.
With the continued miniaturization of electronic components and their increasing functionality, electronics are rapidly switching towards fine pitch devices and thus the demand for these various devices has remarkably increased in recent years. 4, 5) The electronic devices must achieve high speed requirements and maintain excellent performance along with a higher I/O count. The flip chip technology is a viable approach that meets fine pitch and high performance requirements. A low temperature process is preferred in flip chip techniques because it minimizes the residual stresses generated by the thermal mismatch and prevents breakage or fatigue inside the device. We developed a low temperature bonding technique using In and Sn bumps. 6) When the In and Sn solders are in contact under pressure, solder joints are formed by interdiffusion between the In and Sn solders. The interdiffusion between the In and Sn atoms leads to the formation of intermediate phases and the melting temperature decreases to the eutectic temperature shown in Fig. 1. 
7)
Metallurgical bonding due to the melting of the intermixed phases is possible below the melting point of either pure In or Sn. Thus, solder joining is possible at temperatures lower than 150 C. In this study, we investigated low temperature and ultra fine pitch fluxless bonding using In and Sn solder bumps. The possibility of solder joint formation at 120 C was investigated with 30 mm pitch Sn and In bumps. Reliability tests were carried out on these fine pitch solder joints. We also applied a non conductive adhesive (NCA) to the solder joints to improve reliability.
Experimental Procedure
Au (0.05 mm)/Cu (1 mm)/Ti (0.05 mm) thin films were deposited to form metal pads using DC magnetron sputtering on the Si wafer and glass substrate. The metal patterns for under bump metallurgy (UBM) and interconnection were fabricated through a photolithographic process and wet chemical etching. Solder bumps (20 mm Â 45 mm) were formed on the metal pads using evaporation and the lift-off methods. The Sn solder bumps were formed on the Si wafer chips, and the In solder bumps were formed on the glass substrates. A NCA which was composed of liquid epoxy resin and fillers (obtained from Emersion & Cuming Co. Ltd.) was dispensed on glass substrate on which the In bumps were formed using the injector and then the Sn bumps on the Si chip were aligned to the corresponding In bumps on the glass substrate using a flip chip bonder. The In bumps and Sn bumps were joined at 120 C for 2 min under a pressure of 70.2 MPa which is divided the pressure (N) by the total area of the entire bumps. Figure 2 details the process flow. Solder joints were formed between the Si chip and Si substrate instead of a glass substrate to investigate the effect of differences in thermal expansion. The contact resistance was measured using the four-point probe method. Figure 3 (a) represents a sketch of the test chip for the electrical tests and Fig. 3(b) shows the circuitry for contact resistance. To evaluate the bondability of the solder joints, the contact resistance of each bump was measured. To evaluate their reliability, thermal cycling test (0 C-100 C, 2 cycles/h) up to 2000 cycles and temperature and humidity test (40 C/ 95%, 1000 h) were carried out. The initial contact resistance was measured using the four-point probe method and after each time point; the contact resistance was measured at room temperature upon completion of the thermal cycling and temperature humidity tests. The failure criterion was defined as 500 m; The value larger than 500 m was regarded as a failed one. The failure rate means the ratio of the number of the failed solder joints to that of the total solder joints. To analyze the failure mechanism, the solder joints were crosssectioned and characterized by scanning electron microscopy (SEM).
Results

3.
1 Bump-to-bump bonding using 30 m pitch In and Sn bumps Figure 4 contains SEM images that show the In and Sn bumps of a 30 mm pitch. The solder bumps were fabricated using an evaporation method and lift-off. The thickness of the In and Sn bumps was 5 mm and 7.5 mm, respectively. They were formed uniformly on the Au/Cu/Ti metal pads. Figure 5 shows SEM image of the Au/Cu/Ti interconnection lines and the In bumps formed on the interconnection lines for electrical testing. Figure 6 shows an SEM image of the In/Sn solder joints assembled at 120 C. The bonding was successfully made through the In/Sn solder joints formed between the Si chip and glass substrate without a flux. In Fig. 6 (b), the In bump on the glass substrate deformed more than the Sn bump on the Si chip after bonding because In is softer than Sn. 8) The average contact resistance of the eutectic In/Sn solder joints with and without NCA before thermal cycling are shown in Table 1 . The average contact resistance values of all solder joints were measured between 10 and 14 m and no solder joints failed electrically. The contact resistance without NCA is slightly smaller than that with NCA since NCA was not trapped in the solder joint fabricated without NCA. All joints had a very low contact resistance value independent of NCA applications. The substrate type did not affect the bondability or the contact resistance of the solder joints. The contact resistances of the solder joints fabricated using the bump to bump bonding method in this experiment were much lower than that of the COG bonding using the conventional ACF method which has a few hundred m per bump. 9) SEM observations and contact measurement data demonstrate that the 30-mm pitch solder bumps were joined successfully both with and without the NCA at 120 C. 
Thermal cycling test results
The average contact resistance of the In/Sn solder joints after thermal cycling test of up to 2000 cycles are shown in Fig. 7 . The contact resistance of the solder joints bonded between the Si chip and the glass substrate without the NCA increased quickly with increased thermal cycling and failed completely after 750 cycles. The contact resistance of the solder joints bonded between Si chip and Si substrate without the NCA increased with increasing thermal cycles and reached about 74 m after 2000 cycles. All joints using the NCA had contact resistance values under 25 m even after 2000 cycles regardless of the substrate type. The contact resistance of the solder joints with the applied NCA increased slightly after 250 cycles and remained constant with respect to further thermal aging. The change of the contact resistance value with respect to thermal cycle in the solder joints that had NCA applied had a trend similar to the glass and Si substrates. Figure 8 shows the failure rate of the solder joints formed between the Si chip and Si substrate and between the Si chip and glass substrate without the NCA. The failure rate of the solder joints between the Si chip and glass substrate increased with thermal cycling and reached 100% after 750 cycles, but the solder joints between the Si chip and Si substrate survived up to 2000 cycles. This data suggests that reliability would be a serious problem if the NCA was not applied during the bonding between the Si chip and glass substrate. Figure 9 contains the back-scattered electron (BSE) image of the cross-sections of the solder joint that was bonded at 120 C for 2 minutes with the NCA. The microstructure was clearly observed using the BSE image and EDX. Cu 6 (Sn, In) 5 , AuIn 2 and InSn 4 intermetallic compounds (IMCs) were observed in the solder joints. Most In and Sn phases transformed to InSn 4 IMC and only fractions of In and Sn phases might remain as a island form in the solder joint after bonding, 9) but it was very difficult to find them. InSn 4 formed in the center of the solder joint, and Cu 6 (Sn, In) 5 formed at both Cu interfaces. The intermixing of the Sn and In in the solder joints indicated that interdiffusion occurred across the In/Sn interface during bonding. The Au of the UBM diffused completely into the solder to form AuIn 2 . AuIn 2 IMCs (the bright regions in Fig. 9 ) were formed as a layer along the Cu 6 (Sn, In) 5 IMCs and as an island-type in the solder center. Figure 10 shows the BSE images of the cross-sections of the solder joints bonded using the NCA after thermal cycling. Dimensional changes and cracks in the solder joints were not found in these SEM images. One micrometer-thick Cu UBM on the chip and glass substrate were completely transformed into Cu 6 (Sn, In) 5 after the thermal cycling test. Island-type AuIn 2 IMCs were also observed. The AuIn 2 remained stable at the Cu 6 (Sn, In) 5 interface and in the center region of the solder joint even after the thermal cycling test. The magnified images of the solder joints after the thermal cycling tests can be seen in Fig. 11 . AuIn 2 was not uniformly distributed in the solder joint. The large size of AuIn 2 phase was observed in some regions. But the total fraction of AuIn 2 phase in the solder joint does not seem to be increased with thermal cycling, as the low magnification pictures shown in Fig. 10 . Fig. 11(a) , which depicts the secondary electron (SE) image of the solder joint before thermal cycling, revealed Cu 6 (Sn, In) 5 in the Cu interface and InSn 4 in the center region of the solder joint, which was similar to the BSE image shown in Fig. 9 . As the number of thermal cycles increased, the InSn 4 phase decreased and remained as an island-type phase after 500 cycles. After 750 cycles, the InSn 4 phase had nearly 
Si chip to glass substrate
Si chip to Si substrate disappeared from the solder joint. In contrast, the Cu 6 (In, Sn) 5 layer grew from the copper interfaces during the thermal cycling test. The Cu 6 (In, Sn) 5 layers of both interfaces merged together after 250 cycles, and after 750 cycles most of the solder joints consisted of Cu 6 (In, Sn) 5 . The distribution of the AuIn 2 phase did not change with respect to thermal cycling, which is consistent with the results obtained earlier (Fig. 10) . The solder joints fabricated without the NCA are shown in Fig. 12 . The solder joint consisted of Cu 6 (Sn, In) 5 , AuIn 2 , and InSn 4 . The microstructure was similar to that of the solder joint bonded with the NCA. Cracks formed and propagated in the Cu 6 (Sn, In) 5 layer in the solder joint. Cracks initiated at the surface of the solder joints and grew into the solder joints with repeated thermal cycling. The cracks were observed near the Si chip side, near the glass side, or both in the solder joints. Figure 12(c) shows that the Si chip was separated from the glass substrate as a result of cracking in the solder joint after 750 cycles.
Temperature & humidity (T & H) test results
The failure rate and the contact resistance of the solder joint with and without NCA during conditions of 40 C/95% relative humidity for 1000 hours are shown in the Fig. 13 . In the solder joint formed without the NCA, the failure rate and the contact resistance increased with respect to storage time. The contact resistance of the solder joints with NCA applied increased slightly after 600 h, but the failure rate remained at 0% throughout the test. 
Discussion
Our results showed that the 30-mm pitch In and Sn solder bumps were joined successfully at 120 C without a flux. During the bonding process, the oxide layers on the solder surfaces prevent the In and Sn atoms from diffusing into each other, making it difficult to obtain adequate bonding. 10) Therefore, a flux is normally used during the bonding process to remove the oxide layers. Since the oxide layer can be broken under high bonding pressures, interdiffusion is possible between the Sn and In solders without a flux.
9)
The formation of InSn 4 in the solder joint proved that active solid-state interdiffusion occurred across the interface between the In and Sn bumps. As bonding continued, an intermixed layer would be formed at the interface of the In and Sn bumps. Thus, the In bump and Sn bumps can bond under temperatures below their respective melting points, namely 157 C for In and 232 C for Sn. All of the joints had a low contact resistance value and there were no failed joints because interdiffusion occurred irrespective of the application of NCA and regardless of substrate type.
The solder joints between the Si chip and glass substrate failed in the specimens bonded without NCA, but those between the Si chip and Si substrate survived after thermal cycling. These results suggest that the failure was due to the thermal expansion mismatch between the Si and glass during the thermal cycling. The CTE of the silicon wafer is 2.7 ppm, 11) and the CTE of the glass substrate used in this experiment is measured at 10.2 ppm. 12) During the thermal cycling test, especially during the temperature dwelling period, the glass substrate expanded more than the Si wafer chip, and a thermal stress was generated. During the thermal cycling test, the Cu 6 (Sn, In) 5 IMCs grew from the Cu interface in the solder joints. The thickness of the Cu 6 (Sn, In) 5 increased with respect to increasing cycle number. As the Cu 6 (Sn, In) 5 comprised the major phase in the solder joint, the solder joint became weaker since Cu 6 (Sn,In) 5 was harder than InSn 4 .
9) Cracks formed in the brittle Cu 6 (Sn, In) 5 IMC due to thermal stress. Cracks were observed in the Cu 6 (Sn, In) 5 layer in the solder joint. The failed bumps and cracks did not exist in the solder joints between the Si chip and Si substrate. These results indicated that the cracks formed due to the CTE mismatch between the Si and glass. In the specimen bonded with NCA, the NCA redistributed the stress and strains from the CTE mismatch and mechanical shock over the entire joint area by tightly adhering to the chip, solder joints, and substrate. As a result, crack initiation and growth in the solder joint was either prevented or drastically reduced.
It was also noticed that the contact resistance slightly increased from 0 to 250 cycles [ Fig. 7(b) ]. After 250 thermal cycles, Cu UBM was completely converted to Cu 6 (In, Sn) 5 IMC which has a high resistivity (19.9 m-cm).
13) A slight increase in the resistance was related to microstructural changes in the solder joints.
The contact resistance of the solder joints bonded between the Si chip and glass substrates without NCA slowly increased with each test during T & H test and the solder joints began to fail after 250 hours. The increase of the contact resistance and failure rate in the solder joints without the NCA were likely due to corrosion of the interconnection lines and solder joints which were exposed to moisture during T & H test.
14) The NCA suppressed the penetration of moisture and the contact resistance did not increase rapidly in the solder joints when the NCA was applied. The secondary benefit from NCA is partial protection against moisture ingress, and other forms of contamination. Consequently, the quality and reliability of the NCA material itself will greatly impact the component reliability. 15) The NCA is one of key materials in providing protection to the solder interconnect, improving mechanical integrity to the package and thereby the overall reliability of the package significantly.
Conclusions
In this paper, we developed a new, low temperature, fluxless bonding technique using a NCA. The reliability of the NCA-applied flip-chip joints was investigated. Without the NCA, all joints failed during the thermal cycling test. In contrast, no electrical failures were observed in the joints applied with NCA during the test. Cracks propagated through the Cu 6 (Sn, In) 5 layer in the solder joint. The thermal mismatch between the Si chip and the glass substrate was the main source of cracking during the thermal cycling test. The NCA improved stress distribution in the solder joints during thermal cycling and reduced the penetration of moisture during the temperature and humidity test, which markedly increased their reliability. It is believed that the In/Sn joints with NCA can be applied in low temperature, fine pitch bonding.
